To elucidate the regulation pattern of extracellular invertase LIN6 of tomato, the corresponding promoter has been cloned and the sink-tissue specific expression and its regulation by sugars, stress stimuli, growth regulators, and the diurnal rhythm is shown. The in situ analysis of transgenic tobacco plants expressing a LIN6 promoter::bglucuronidase reporter gene fusion demonstrates LIN6 expression in sink tissues, such as pollen grains and vascular tissues of leaves and stems. LIN6 is up-regulated in close proximity to wounded tissue, and by methyl jasmonate and abscisic acid, global signals known to modulate defence/stress response. Salicylic acid on the other hand, as well as acetyl salicylic acid, suppresses LIN6 expression, supporting the fact that LIN6 is an inducible compound of the defence/stress response pathway that is antagonistically regulated by jasmonates and salicylates. Induction of the LIN6 promoter in stable transformed BY2 suspension cultures by sucrose and the growth-promoting phytohormones cytokinin and auxin along histochemical expression data, showing LIN6 expression in germinating seeds and seedlings, indicates a role of LIN6 invertase during growth processes. In addition, LIN6 is regulated by a diurnal rhythm that drives LIN6 expression in subjective dawn. Transactivation assays with circadian oscillator elements of Arabidopsis Circadian Clock Associated 1 and Late Elongated Hypocotyl demonstrate functional interaction with the LIN6 promoter.
Introduction
Carbohydrates are synthesized in photosynthetically active source tissues and exported to photosythetically less active or inactive sink tissues. The sink strength of plant tissues is not static but varies during plant development and in response to external and internal stimuli. Extracellular invertases catalyse the irreversible hydrolysis of sucrose, the major transport form of carbohydrates in higher plants, to its hexose monomers, and contribute to phloem unloading via an apoplastic pathway. The resulting hexoses are taken up into sink cells via hexose transporters, and further sucrose is released from the phloem following the concentration gradient (Eschrich, 1980) . As sucrose cleavage is assumed to be the rate-limiting step in this process, extracellular invertases are a potential target of regulation to satisfy the actual carbohydrate demand of different sink tissues. Indeed, the expression of extracellular invertases has been shown to be up-regulated by a number of stimuli that affect sourcesink relations, such as plant hormones, sugar levels, abiotic stress, elicitors, and wounding Roitsch et al., 2003) . The important role of extracellular invertases in assimilate partitioning, regulation of sourcesink relations, and developmental processes has been supported by over-expression of yeast-derived invertase in the apoplast of transgenic tobacco plants (Canam et al., 2006) , the analysis of invertase-deficient maize mutants (Chourey et al., 2006) , the developmental regulation during seed development (Borisjuk et al., 2004; Heyer et al., 2004) , and antisense suppression of extracellular invertase in transgenic carrot plants and in the tapetum of tobacco anthers (Goetz et al., 2001) . Moreover, the cytokinin-mediated effect of retardation of sencescence and green island formation could be correlated with invertase activity (Balibrea Lara et al., 2004) .
Plant extracellular invertase genes represent small gene families consisting of several members with specific expression patterns Sherson et al., 2003; Ji et al., 2005) . Flower-specific isoenzymes that are specifically expressed in distinct flower organs, such as anthers, pollen, flower buds or fruits have been identified (Weber et al., 1995; Hedley et al., 2000; Proels et al., 2003) . In particular, a number of anther-and pollen-specific invertase isoenzymes have been characterized, thereby emphasizing a crucial role of extracellular invertase in providing carbohydrates to the male gametophyte (Maddison et al., 1999; Goetz et al., 2001; Koonjul et al., 2005; Proels et al., 2006) .
Wounding and pathogen infection are severe environmental stress factors that a plant has to cope with. The analyses of plant stress responses revealed that the induction of defence responses is accompanied by a fast increase of sink metabolism . Under those conditions a fast and strong up-regulation of extracellular invertase transcript levels is generally observed (Sturm and Chrispeels, 1990; Roitsch et al., 1995; Zhang et al., 1996) . The co-ordinated induction of a monosaccharide transporter and cell-wall invertase during infection with a fungal biotroph (Fotopoulos et al., 2003) confirms an essential role of apoplastic sucrose cleavage in mediating defence responses. Modulation of host-and pathogenderived invertase expression accompanies the course of infection of a rust fungus and its host plant Vicia faba (Voegele et al., 2006) . Both invertase genes and defencerelated genes have been found to be co-induced by soluble sugars (Roitsch et al., 1995; Herbers et al., 1996) . Therefore, the increased attraction of carbohydrates could serve as metabolic energy to support appropriate defence responses, as well as a self-amplifying signal resulting in an intensified retention of carbohydrates and modulation of gene expression (Herbers et al., 2000; Roitsch et al., 2000) . As detailed above, tissue-specific expression in combination with regulation by distinct stimuli confers specific physiological functions to invertase isoenzymes (Kim et al., 2000; Sherson et al., 2003; Ji et al., 2005) . Thus, analysing the expression profiles and regulation patterns of particular isoenzymes within one species is important for a comprehensive understanding of extracellular invertase function within the complex regulatory mechanism that co-ordinates carbohydrate partitioning during development and under different environmental conditions.
The family of extracellular invertases from tomato (Solanum lycopersicum) is represented by four different enzymes, LIN5, LIN6, LIN7, and LIN8 (Godt and Roitsch, 1997) . LIN5 and LIN7 were shown to be arranged as a genomic tandem and to be involved in fruit and pollen development, respectively (Fridman and Zamir, 2003; Proels et al., 2003) . Transcriptional induction of LIN6 by wounding, sugar treatment, and zeatin application (Godt and Roitsch, 1997) and in tomato roots colonized with an arbuscular mycorrhiza fungus (Schaarschmidt et al., 2006) was demonstrated. In order to analyse the specific function of the extracellular invertase LIN6, the promoter sequence of LIN6 was cloned and the temporal, as well as the spatial, regulation pattern was studied in transiently and stable transformed plant tissue. In particular, this allowed both the temporal and the spatial regulation of LIN6 expression to be addressed. The LIN6 promoter confers reporter gene expression in pollen of transgenic tobacco and a strong induction of LIN6 expression in vegetative tissues upon wounding was demonstrated. Furthermore, novel modes of LIN6 regulation in response to growth-stimulating hormones and sucrose and an oscillation of LIN6 expression under a diurnal rhythm are shown. The trans-acting factors Circadian Clock Associated 1 (CCA1) and Late Elongated Hypocotyl (LHY), which are central circadian oscillator elements of Arabidopsis (Alabadi et al., 2002; Ding et al., 2007) , were shown to interact functionally with LIN6 promoter elements.
Materials and methods

Cloning and sequence analysis
Genomic sequences of LIN6 were cloned using the GenomeWalkerä System (CLONTECH, Heidelberg, Germany) according to the instructions of the manufacturer. Briefly, genomic DNA was isolated from tomato leaves (Solanum lycopersicum cv. Moneymaker) using the NucleoBond System (Macherey und Nagel, Dü ren, Germany) and digested with different restriction enzymes, to gain corresponding libraries. Besides the recommended restriction enzymes, HpaI, SmaI, SspI, and Eco72I were used to create additional libraries. After ligation with the adaptors provided, the libraries were used as templates for PCR and nested PCR. Starting out of a known region of exon III of the LIN6 gene (acc. no. X91390) three sequential walks were carried out to obtain 7092 bp including 3.4 kb of the 5# flanking region of LIN6. An overlap of 252 bp or 290 bp of identical sequence of the preceding genome walk fragment confirmed the identity of successive fragments. Vectors, corresponding primer sequences, and the libraries used are shown in Table 1 . The obtained PCR products were cloned using the Ins T/A cloneä PCR Product Cloning Kit (MBI-Fermentas, St Leon-Rot, Germany) and sequenced by SEQLAB (Gö ttingen, Germany). Putative regulatory elements were identified by sequence alignments to known cis-acting elements. For sequence analysis and alignments the Vector NTI Ò Suite (Infor Max Ò , Bethesta USA) was applied. The nucleotide sequence data reported will appear in the GenBank database under the accession number AY 634311.
Plasmid construction
For GUS reporter gene analysis, two promoter constructs of different size were designed. To get the full-length promoter, PCR on genomic DNA was performed using the forward primer LIN6-15 (5#-ATACCCAAGCTTGATGTGGCTCT-CACTTTCTCCACGC) to introduce a HindIII restriction site and the reverse primer LIN6-2 (5#-TCTAGTCTA-GACTCCATCTTTAATTCTTTCTTTTTGTG) to introduce a XbaI restriction site. The PCR product was first cloned in pGEM-T, released with HindIII and XbaI and cloned into the binary vector pBI101+ using HindIII and XbaI sites, thereby fusing the LIN6 start codon in-frame to the uidA translation start. The resulting construct pPR631 was partly sequenced to check the integrity of the fusion. To get a shortened promoter fragment of 1 kb size, the forward primer LIN6-1 (5#-ATACCCAAGCTTACCGTGATC-CAATGACAGTTCC) was used, and the further proceedings were the same as those described for pPR631 yielding vector pRP611. For protoplast analysis, the full-length promoter b-glucuronidase (GUS) fusion cassette of pPR631 was subcloned in pUC19 using the restriction sites EcoRI (Fig. 1) , yielding construct pUC19LIN6::GUS.
LHY cDNA cloned in pBluescript was received from G Coupland (Kö ln, Germany). LHY cDNA was released from pBluescript and cloned in pRT101 using restriction sites XhoI and BamHI yielding the construct pRT101-LHY. CCA1 cDNA cloned in the pBI121 vector (pBCA126) was received from EM Tobin (Los Angeles, USA) and used without further manipulations (Wang and Tobin, 1998) .
Plant materials
For histochemical staining, fluorometric GUS assays, and protoplast isolation Nicotiana tabacum (cv. Samsun) plants were grown under greenhouse conditions in Wü rzburg, Germany at 25°C with additional illumination from 07.00 h to 19.00 h of 60 klx.
To perform in situ invertase assays, S. lycopersicum (cv. Moneymaker) plants were grown under greenhouse conditions as described above.
Generation of transgenic tobacco plants
The LIN6::GUS constructs pRP611 and pRP631 were transformed in tobacco (N. tabacum cv. Samsun) by using standard Agrobacterium (LBA4404) transformation procedures (Horsch et al., 1985) . Ten independent lines were analysed by PCR and fluorometric GUS assays for transgenity and wound inducibility of reporter gene (GUS) and maintained in the greenhouse.
Histochemical GUS assays
For histochemical GUS analysis the method of Jefferson et al. (1987) was followed. Plant material was vacuum infiltrated with the GUS histochemical substrate 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid (1 mM) and stained for GUS activity (14 h reaction time). Images were created using a binocular (Leica MZFL III, Solms, Germany). Stained samples were stored in 70% ethanol at -20°C until analysis.
Transformation and treatment of BY2 suspension cultures
Tobacco BY2 cells were transformed via Agrobacterium (LBA4404) by 48 h of co-cultivation as described by Libraries that yielded the corresponding PCR fragments are indicated. GSP1, gene-specific primer 1; GSP2, gene-specific primer 2 (nested primer).
Vector
Gene-specific primer (GSP) Library 6-3-2 GSP 1 TCGGACCCAAGAACTCTGATTAAGGATG Eco72I 3rd walk GSP 2 CATGGAACTGTCATTGGATCACGGTAAG 6-2-2 GSP 1 CCAACCCACGTACCACACCTGGTTTG HpaI 2nd walk GSP 2 GGGTGGGAGGTGGAGTTGACTATAC 6-1-1 GSP 1 GTAGATAGCGGGTTCGAGCGGGATCCAG EcoRV 1st walk GSP 2 GATCAAGTCCTTTGAGACTGAATGAGC Atanassova et al. (2003) . The culture obtained was maintained by weekly dilution of the cells by Linsmaier and Skoog-modified medium (10:80 v/v) supplied with 100 lg ml À1 kanamycin and 500 lg ml À1 carbenicillin. To carry out induction experiments, 5 ml of the culture were inoculated in 80 ml of the medium with a reduced sucrose content of 3 g l
À1
. Cells were responsive to hormonal stimuli 3-4 d after subculturing. For each individual experiment 1 ml of culture was distributed in a 1.5 ml reaction tube and induced by adding hormones at the final concentrations indicated: MeJA 100 lM, ABA, zeatin, and 2,4-D, 10 lM each. The cells were incubated for 14 h under permanent shaking in dim light and harvested by centrifugation. GUS activity was determined as described below.
Determination of GUS activity
Leaf discs or BY2 suspension cells were collected in 1.5 ml tubes and ground in 250 ll GUS extraction buffer (50 mM NaPO 4 pH 7, 10 mM Na 2 EDTA, 0.1% Triton X100, 0.1% sodium lauryl sarcosine, and 10 mM 2-mercaptoethanol). After centrifugation for 10 min (15 000 g) at 4°C, 50 ll of supernatant was mixed with 50 ll GUS assay solution (2 mM 4-methylumbelliferyl-D-glucuronide in extraction buffer). The mixture was incubated at 37°C for 1-3 h and stopped in 0.3 M Na 2 CO 3 . GUS activity was determined using a luminescence spectrometer (Perkin Elmer LS 30, Langen, Germany) and protein concentration of tissue homogenates was determined with the Bradford reagent (Bradford, 1976) with bovine serum albumin as standard.
To determine GUS activity of pollen grains, the corresponding aliquots were harvested by centrifugation, resuspended in 100 ll GUS assay solution (1 mM 4-methylumbelliferyl-Dglucuronide in extraction buffer) and further treated as stated above. Specific GUS activity was determined as cleaved substrate per amount of pollen and per minute.
Protoplasts were harvested by centrifugation, resuspended in 50 ll of GUS extraction buffer and immediately frozen in liquid nitrogen. After thawing the samples, protoplasts were broken up by vortexing. Samples were centrifuged for 5 min at 4°C at 15 000 rpm and 25 ll of the lysate were incubated with 25 ll of 1 mM 4-methylumbeliferyl-D-glucuronide in extraction buffer at 37°C.
In situ invertase analysis
Leaf explants were fixed in a solution of 4% formaldehyde (in phosphate buffer pH 7.0) for 30 min at room temperature. Fixed tissues were incubated at 26°C in a freshly prepared solution consisting of equal volumes of phenazinmethosulphate (0.56 mg ml ), each buffered at pH 4.0 in 50 mM sodium phosphate buffer, until the appearance of dark staining. In control assays, the sucrose was replaced by phosphate buffer which resulted each time in no detectable staining (data not shown). Stained samples were stored in 70% ethanol at -20°C.
Treatment of tomato suspension cultures
Photoautotrophic suspension cultures (Solanum peruvianum) were grown for 1 week under constant light conditions and kept for one further week under a light/dark regime of 12/12 h under constant temperature conditions of 26°C. At indicated time points (LD¼11, 13, 16, 23, 25, 30, 35, 37, 40, 47, 49, 50) 10 ml of cell culture were harvested by centrifugation and immediately frozen in liquid nitrogen and stored at -80°C until RNA isolation.
RNA isolation and Northern blotting
Total RNA was isolated from ground plant material essentially according to the method of Chomczynski and Sacchi (1987) . Northern blot analysis was performed as described by using a radioactive labelled LIN6-specific cDNA probe (Godt and Roitsch, 1997) . The cloned cDNA fragment of LIN6 was labelled by using a random primer DNA-labelling kit (MBI Fermentas, St Leon-Rot, Germany). Signals were detected via a phosphor-imaging system (BAS 2000, FUJIX, Japan).
Expression of CCA1 and LHY in tobacco protoplasts
Preparation of Nicotiana tabacum (cv. Samsun) mesophyll protoplasts, transformation and GUS assays were performed essentially as described by Lyck et al. (1997) . One to 3 lg of GUS-reporter plasmid and CCA1/LHY expression plasmids in constant molar ratios were used for the transformation of 25 000 protoplasts resuspended in 50 ll MES buffered K3M medium. Twenty minutes after mixing with 100 ll 20% polyethyleneglycol (PEG 6000 , Duchefa, Netherlands) the suspension was diluted with 900 ll MES buffered K3M and incubated in dim light over night at 25°C. Protoplasts were harvested by centrifugation and resuspended in GUS extraction buffer. GUS measurements of four independent transformation experiments were carried out as described above.
Results
Cloning of the promoter of extracellular invertase LIN6 of tomato and defining putative TATA-box and transcription start site
In order to isolate the 5#-sequences responsible for regulating expression of LIN6, three 5#-genome walks were performed on genomic libraries of tomato starting from Exon III of LIN6 (accession no. X91390). In total 7092 bp, represented by three overlapping clones were obtained, 3414 bp cover sequences 5# of the translation start site (Fig. 1) .
The exon/intron organization of the cloned sequence was obtained by comparison with the complete cDNA sequence of LIN6 (accession no. AB004558). The putative transcription start site is located 49 bp 5# of the translation start codon and matches with reported consensus sequences (Joshi, 1987) . A putative TATA-box (TATAAA) appears 35 bp 5# of the putative transcription start site. An identical sequence and position for TATA-box motives was found for LIN5 and LIN7 extracellular invertases of tomato .
The LIN6 promoter was analysed for the presence of regulatory elements with similarity to known cis-acting elements via sequence alignments. As shown in Fig. 1 , these elements are concentrated in three promoter regions, indicated as clusters I, II, and III. The experimental evidence for the functional significance and physiological relevance of these regulatory sequences is outlined below.
The LIN6 promoter is active during early stages of seedling development in vascular tissue
To analyse the tissue-specific expression of the LIN6 promoter, transgenic tobacco plants expressing a reporter gene fusion were generated. 3.4 kb of LIN6 promoter sequences were subcloned in the binary vector pBI101+ to drive the expression of an intron containing the GUS reporter gene. The LIN6 promoter::GUS fusion obtained on plasmid pRP631 was transformed in Agrobacterium and used to generate transgenic tobacco lines. PCR and fluorometric GUS assays were used to confirm the presence and wound inducibility (via GUS activity) of the transgene in 10 independent lines. Tissue explants of those transgenic plants were harvested and used for the histochemical detection of GUS activity by an in situ staining procedure.
Seeds derived from LIN6::GUS transgenic line were germinated and GUS staining was shown to be already present in the very first stage of development at the beginning of seed germination ( Fig. 2A) . In young seedlings, GUS staining could be detected in veins of cotyledons and the vascular tissue of the stem (Fig. 2B ). After about a further 3 weeks of development, once the first leaves are formed, GUS expression occurs in the major and minor veins (Fig. 2C ). This expression pattern is in agreement with the appearance of cis-acting regulatory elements for phloem expression in the LIN6 promoter. Those phloem-specific elements are described by Yin et al. (1997) Induction of the LIN6 promoter by sucrose, growth stimulating and stress-related hormones Actively growing tissues are carbohydrate sinks with elevated demand for carbohydrates and are characterized by a high extracellular invertase activity. To analyse the effect of growth-stimulating phytohormones and metabolic regulation by sugars, a transgenic tobacco suspension culture expressing the LIN6::GUS reporter gene construct was established. Cell cultures offer the possibility to take samples and apply stimuli while wounding as a stress factor is excluded. This proved to be critical, as the LIN6 promoter is strongly induced by wounding, as shown below. In addition, the use of tissue cultures for studying the effect of endogenous stimuli has the advantage that growth conditions may be strictly controlled and experiments are not complicated by differentiation processes. The tobacco cell suspension line BY2 was transformed by Agrobacterium-mediated transformation with the same LIN6::GUS construct which was used to generate stable transformed plants (pRP631). After selection of transgenic calli on solid medium, transformed cell suspension lines were established with growth characteristics of the parental BY2 wild-type cell line. This heterotrophic cell line requires exogenous sugar for growth. Sugars, however, are known to induce extracellular invertases (Roitsch et al., 1995) . This obstacle could be circumvented by a series of experiments analysing the responsiveness of the LIN6 promoter in a time-course experiment (data not shown). The goal was to identify a culture period where the exogenous sugar concentration declined to levels not interfering with LIN6 expression while the cells were still physiological active and not yet suffering from sugar depletion. The initial sucrose content declines during cultivation due to uptake and metabolization and ultimately results in a low sugar concentration in the media that allows induction experiments. To this end, suspension cells were inoculated in fresh BY2 medium with a 90% reduced sucrose content of 3 g l À1 compared to the normal cultivation medium. Starting 3 d after subculturing, samples were distributed in 1.5 ml reaction tubes, induced with different hormone stimuli and sugars, and analysed after 12 h for GUS activity. Figure 3A demonstrates a 2.2-fold induction of the LIN6 promoter by 30 mM sucrose. Glucose and mannitol at 30 mM concentrations did not show a significant induction of the LIN6 promoter, thereby ruling out potential osmotic effects on Lin6 induction. Furthermore, different hormones were applied and resulted in a 2.5-fold induction in the case of 10 lM of the synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D) and by a factor of 1.8 upon treatment with 10 lM of the cytokinin zeatin. Hormones involved in plant stress responses, abscisic acid (ABA) and methyl jasmonate (MeJA), conferred an induction of the LIN6 promoter by a factor of 2.1 upon treatment with 100 lM MeJA and a factor of 1.5 with 10 lM ABA (Fig. 3B) .
Extracellular invertase LIN6 is a target of defence/stress response pathways
The LIN6 promoter is characterized by sequences with high similarity to known elicitor and wound response boxes. Two putative elicitor response elements are present at positions -1588 and -624 that differ only in two bases from the ACCTTGCC element in potato (Palm et al., 1990) (Fig. 1) . A 24 bp sequence including a GCC core acts as an important cis-element required for jasmonate-and elicitorresponsive gene expression (Menke et al., 1999) . Two GCC elements are located in close proximity at the positions -639 and -653 in the LIN6 promoter. A sequence with high homology (two base pair exchange) to the wound response element described by Siebertz et al. (1989) , Fig. 3 . Relative GUS activity in BY2 suspension cells carrying LIN6::GUS (pPR631) in response to different stimuli. The control is the same transformed cell suspension without treatment. Three days after subculturing, samples of 1.5 ml were distributed in reaction tubes and induced with different stimuli for 12 h under permanent shaking. Crude extracts were analysed for GUS activity. The control samples showed an activity of about 240 pmol MU mg À1 protein min À1 (A, B) or 15 pmol MU/1000 pollen min À1 (C). Bars represent the mean 6SD. An asterisk indicates a significant difference (t test, * P <0.05, ** P <0.01, *** P <0.001).
(A) For sugar treatments cells were subcultured in a reduced sugar medium to get a natural sugar depletion due to metabolization. Cells were then incubated in the presence of 30 mM glucose, sucrose or mannitol, n¼4. (B) For hormone treatments cells were induced with 100 lM MeJA, 10 lM zeatin, 10 lM 2,4-D, and 10 lM ABA, n¼3. (C) Pollen granules were collected from mature flowers, emulsified in water, and distributed in 1.5 ml reaction tubes in four equal volumes. One was used as control the others were treated with 100 lM MeJA, 1 mM ASA or 1 mM SA. GUS activity was measured after 15 h, n¼4.
TTGTTGAAATATA, is located at position -172. Moreover, an ABA response cluster as described for several plant promoters (Shen and Ho, 1995) , consisting of a CE-1 core element (CACC) at position -206 and a G-box core motif (ACGT) at position -127 was identified in the LIN6 promoter. Three W-box elements (GTCA) are located in close proximity at positions -1748, -1741, and -1732. Wboxes are binding sites for WRKY transcription factors that are involved in plant defence signalling (Eulgem et al., 1999) . To gain insight into the spatial dynamics of woundingdependent LIN6 induction, source leaves of LIN6::GUS plants were mechanically wounded by cutting the leaf with a razor blade. Twelve hours after wounding, the LIN6 promoter activity was analysed in situ by histochemical GUS staining. As shown in Fig. 2F , the LIN6 promoter confers GUS expression, starting at the cutting edge just adjacent to a thin layer of necrotic cells and reaching about 0.5 mm inwards. The expression is not limited to the veins but could be detected in the leaf tissue close to the wounded area, indicating that the wound stimulus is able to broaden the expression of LIN6 even in non-vascular tissue. However, the strongest GUS expression is found within the veins, with a higher expression in those veins being located more closely to the cutting edge. Nonwounded leaf areas do not show any GUS expression. Figure 2D and E represent cross-sections of a stem and petiole, respectively. Both tissues were wounded with a razor blade and incubated for 12 h. GUS staining was performed on the intact stem and petiole explant, later cross-sections were analysed. Induction of the LIN6 promoter could only be detected adjacent to the cutting edge. Again, as seen in the leaf section, the highest GUS expression is present within the vascular tissue close to the wounded area, supporting a vascular tissue-specific wound effect on LIN6 promoter activity. In a fluorometric GUS assay, the wound induction of the LIN6 promoter was quantified and reached a level of more than 50-fold over the control (amounting to about 6000 pmol 4-methylumbelliferone (MU) mg À1 protein min À1 ). Although the strong increase in GUS activity might be partially due to an accumulation of the rather stable b-glucuronidase protein, the finding confirms a dramatic and sustained induction of the LIN6 promoter by wounding.
As promoter sequences with high homology to wound response boxes are restricted to the first kb of the LIN6 promoter (Fig. 1) , a second set of transgenic tobacco plants was generated that included only the 1 kb of LIN6 promoter sequences to drive GUS reporter gene expression. For this purpose tobacco plants were transformed using plasmid pRP611 and transgenic plants were analysed for wound induction as outlined above. The histochemical analyses of GUS reporter gene activity revealed the same temporal and spatial expression pattern described above (data not shown), indicating that the 1 kb promoter fragment is sufficient to drive wound induction.
To substantiate whether the transcriptional induction of LIN6 upon wound treatment is reflected by an increase in invertase activity, the same wound treatment was applied to wild-type tomato leaves. The distribution of invertase activity upon wounding was visualized in situ by a histochemical invertase activity stain. Figure 2G demonstrates that the spatial distribution of the invertase activity in wounded tomato leaves matches the histochemical GUS expression pattern of the transgenic tobacco plants harbouring a LIN6::GUS reporter gene construct (Fig. 2F) . The presence of 1 mM acetyl salicylic acid (ASA) efficiently suppresses accumulation of invertase activity and 100 lM MeJA can overcome the inhibitory effect of ASA and restores invertase activity (Fig. 2G) . Jasmonates and other oxidated lipids are involved in regulating plant defence reactions in response to various stress stimuli, including mechanical wounding (Benedetti et al., 1998) . Phenolics and, in particular, salicylic acid (SA) and ASA, are known to interfere with jasmonate biosynthesis and octadecanoid signalling and frequently an antagonistic interaction is observed in jasmonate-mediated signalling of pathogen infection and mechanical wounding (Koiwa et al., 1997) .
In adult plants the only tissue identified with constitutive LIN6 expression is pollen. Pollen of transgenic LIN6::GUS plants accumulate b-glucuronidase to a high level with an activity of 15 pmol MU/1000 pollen min À1 . As jasmonate is known to be a regulator of pollen development (Park et al., 2002) , the effect of 100 lM MeJA on LIN6 expression was tested. As shown in Fig. 3C the high consititutive expression level is further elevated by MeJA by nearly 2-fold. By contrast, the basal GUS level in pollen is strongly inhibited in the presence of 1 mM SA or 1 mM ASA resulting in 90% reduction.
LIN6 expression is regulated by a diurnal rhythm
Since extracellular invertases regulate source-sink relations the influence of light on the expression of LIN6 has been determined. Photosynthetically active cell suspension cultures of tomato (Solanum peruvianum), which grow with CO 2 as the sole carbon source, have already been proven to be an appropriate experimental system to study source-sink regulation (Sinha et al., 2002) . The use of this experimental system has the advantage that photoautotrophic suspension cultures are responsive to light, that it is possible to apply homogenous light conditions to the experimental system, and that wound induction of LIN6 during the harvesting process is avoided. Cell cultures were kept under a 12/12 h light/dark regime for 7 d. The analysis was started 11 h after the onset of a light cycle and LIN6 expression was followed by Northern blot analysis during two full light/dark cycles (48 h). This analysis revealed a periodical variation of LIN6 expression (Fig. 4A) . A clear pronounced minimum of LIN6 expression could be detected at 11-13 h and 35-37 h, that is at the end of the light phase and the beginning of the dark phase. Maxima of LIN6 expression appear 23-25 h and 47-49 h, which is at the end of the dark phase and the beginning of the light phase. A cycle of LIN6 expression can be described as follows: LIN6 starts getting up-regulated in the middle of the dark period, reaches its maximum at the dark-light transition and gets down-regulated thereafter.
CCA1 and LHY, central components of the Arabidopsis circadian clock, do specifically transactivate the LIN6 promoter
The expression pattern of LIN6 in the photoautotrophic culture resembles Northern blot data of CCA1 (Wang and Tobin, 1998) , a central component of the Arabidopsis circadian clock, suggesting a possible circadian regulation of LIN6. In addition, the most striking cis-acting elements in the LIN6 promoter, besides phloem-specific boxes, are highly conserved sequences to CCA1 and LHY binding sites, both central elements of the Arabidopsis circadian clock (Harmer and Kay, 2005; Ding et al., 2007) . In detail, identical sequences to the CCA1 binding site (CBS), AA A / C AATCT, in the Lhcb1*3 promoter of Arabidopsis (Wang et al., 1997) are located at the positions -1357 (AAAAATCT) and -92 (AACAATCT). The latter element is flanked by two homologue sequences to the EVENING ELEMENT (EE) (AAAATATCT) that is recognized by CCA1 and LHY in the TOC1 promoter (Alabadi et al., 2001) . Those sequences are located at position -324 (AAATTATCT) and -73 (TAATTATCT). Interestingly, the CBS at positions -92 shows an overlap with a CAA (N) 2 ATC motif (underlined), which is present in most circadian clock-controlled Lhc promoter regions, and a CAAT box (in bold): CAACAATCT. An overlap of a CBS with a CAA(N) 2 ATC motif (Kellmann et al., 1999) and an overlap of a CAA(N) 4 ATC element with a CAAT box (Piechulla et al., 1998) is known for the Lhca4*1 promoter and Lhcb1*2 promoter of tomato, respectively.
To analyse the relationship between LIN6 expression and circadian regulation, the functional interaction between the circadian transcription factors CCA1 and LHY and the LIN6 promoter were tested by transactivation assays in mesophyll protoplasts. The effector plasmids pBCA126 and pRT101-LHY that carry CCA1 and LHY cDNAs under the control of the 35S promoter, respectively, and a target vector carrying the LIN6 promoter::GUS cassette of pRP631 were used to transform tobacco (Nicotiana tabacum cv. Samsun) mesophyll protoplasts transiently. The initial experiments revealed that the time point for preparing the protoplasts, performed under the light conditions of a lamina flow bench, had a dramatic influence on the results and thus turned out to be a critical parameter. It became evident that experiments that were done late in the evening, thus extending the period at the early dark phase, did show large variations in promoter activation. Therefore, the time point of harvesting the leaves was chosen as the very end of the light phase in the greenhouse so as not to disturb the light-dark cycle and leaf samples were kept in the dark overnight. Protoplasts were then isolated and transiently transformed during the following afternoon, kept under dim light overnight and harvested for GUS quantification in the early morning, the time point of maximal induction of the LIN6 promoter based on the Northern blot data shown above. The result of the transactivation assays (Fig. 4B) demonstrate that LHY and CCA1 alone do not have a significant effect but that the combination of CCA1 and LHY results in a strong, 4-fold activation of LIN6 promoter activity. These findings demonstrate a regulation of LIN6 promoter activity by the circadian clock transcription factors CCA1 and LHY via a synergistic interaction of the two regulatory proteins.
Discussion
LIN6 is specifically expressed in vascular tissues and induced by growth-stimulating hormones Extracellular invertase is the key enzyme of an apoplastic phloem unloading pathway and catalyses the hydrolytic cleavage of the transport sugar sucrose. This mechanism contributes to long-distance assimilate transport and provides the substrate to sustain heterotrophic growth (Eschrich, 1980 (Bonfig et al., 2007) . Plant hormones play an integral role in controlling growth, differentiation, and development of plants. It has been speculated that specific plant-growth regulators are particularly involved in regulating sink strength (Kuiper, 1993) , carbohydrate partitioning (Brenner and Cheikh, 1995) and phloem unloading (Tanner, 1980) . There is accumulating evidence that extracellular invertases are regulated by various phytohormones which can be related to the increased carbohydrate demand of growth-stimulated tissues Roitsch and Gonzalez, 2004; Mitsuhashi et al., 2004) . These findings indicate an important link between primary metabolism and phytohormone action. A characterization of the relationship between extracellular invertases and phytohormones is therefore important to understand the molecular mechanism of physiological phytohormone responses.
In this study, transgenic tobacco plants and suspension cultures were established and a profound characterization of the LIN6 promoter via GUS reporter gene analysis was performed. In this course, an induction of the LIN6 promoter mediated by the growth-promoting phytohormones zeatin (cytokinin) and 2,4-D (auxin type) was revealed. The inducing effect of auxins and cytokinins on the LIN6 promoter along with the histochemical expression analysis of LIN6 in the early stages of plant development, support an important role of extracellular invertase LIN6 in providing carbohydrates to sustain heterotrophic growth.
The dual role of MeJA-regulated LIN6 expression in defence response and pollen development
The transcript level of extracellular invertase has been shown to be up-regulated by different stress-related stimuli, such as wounding or infection with fungal pathogens (Fotopoulos et al., 2003; Cho et al., 2005) . In a previous study the transcriptional induction of LIN6 after fungal or bacterial inoculation was reported (Berger at al., 2004; Schaarschmidt et al., 2006) . According to these data, extracellular invertases are target genes of stress-related stimuli and contribute to stress signal transduction. In this study, an up-regulation of LIN6 promoter due to mechanical wounding is shown and was correlated to an induced invertase activity in wounded tomato leaves. Moreover, an induction of LIN6 promoter by ABA and MeJA as signals known to modulate defence/stress responses, including mechanical wounding (Benedetti et al., 1998; Robert-Seilaniantz et al., 2007; Seki et al., 2007) and an antagonistic regulation of in situ invertase activity mediated by MeJA and the phenolic compounds SA/ASA was demonstrated.
LIN6 is expressed constitutively high in pollen of transgenic LIN6::GUS plants. This expression could be enhanced by MeJA treatment and strongly inhibited by ASA and SA, which supports an involvement of the octadecanoid pathway in LIN6 regulation. This mutual antagonistic action of MeJA and SA is a well-known phenomenon in pathogenrelated signalling pathways (Kunkel and Brooks, 2002) . Jasmonate effects on pollen maturation were reported previously by Ishiguro et al. (2001) . In a study on JAbiosynthetic mutants, Park et al. (2002) could show that jasmonates play an essential role in pollen maturation and wound-induced defence. The data presented here give strong evidence that LIN6 is a target of both signalling pathways, as in adult plants the only tissue identified with constitutive expression is pollen and, in addition, LIN6 expression in leaves/stem is responsive to wound induction. Interestingly, Creelman and Mullet (1997) report several genes being regulated by sugars and JA and speculate about a co-ordinated regulation of target genes via sugars and JA to modulate plant defence under conditions where nutrients are limiting. LIN6, as it is sugar regulated, could therefore act at the integration point of developmental signals, sugars, and JA-mediated defence responses.
A diurnal rhythm drives LIN6 expression at dawn
Northern blot analysis of entrained tomato suspension cultures revealed a diurnal rhythm of LIN6 expression. Expression of LIN6 is up-regulated in the middle of the dark phase, reaches its maximum at the dark-light transition and then gets down-regulated to reach a minimum in the subjective evening. The LIN6 expression pattern fits a model of circadian-regulated cell elongation (Harmer et al., 2000) , which shows that genes involved in cell expansion are up-regulated at the end of the subjective day and genes involved in cell wall synthesis peak towards the end of the subjective night. LIN6 is expressed as the latter class of genes and, therefore, could contribute to cover a higher carbohydrate supply during the reinforcement of the cell wall during cell elongation processes. This is in agreement with the finding that LIN6 expression correlates with brassinosteroid-induced growth . Moreover, a diurnal/circadian expression of a vacuolar invertase in sugar beet was reported (Gonzales et al., 2005) and correlated with the time of most rapid cell elongation at the end of the subjective day. As discussed by Gonzales et al. (2005) sucrose cleavage in the vacuole might enhance the osmotic pressure thereby aiding elongation of tissues by cell expansion. The opposite diurnal expression pattern of vacuolar and cell wall-invertases might, therefore, reflect different invertase functions related to cell expansion or cell wall synthesis, respectively.
A detailed analysis of the LIN6 promoter revealed the presence of highly conserved binding sites for the circadian regulators CCA1 and LHY, the CBS and EE elements (Wang et al., 1997; Alabadi et al, 2001) . Multiple copies of these cis-acting elements in combination with a G-box element are located within the first 350 bp of the LIN6 promoter. A combination of those elements was postulated by Michael and McClung (2003) to be necessary for the diurnal regulation of genes. Based on these findings the well-characterized Arabidopsis transcription factors CCA1 and LHY (Wang et al., 1997; Alabadi et al., 2001 Alabadi et al., , 2002 were tested for functional interaction with the LIN6 promoter. Tobacco mesophyll protoplasts were co-transformed with a LIN6::GUS reporter construct and CCA1 and /or LHY expression constructs. Interestingly, CCA1 and LHY show a synergistic effect on LIN6 induction. The findings that the Arabidopsis circadian regulators were able to induce expression of the LIN6 promoter indicates that an oscillator output pathway similar to the CCA1/LHY system in Arabidopsis might exist in tomato. Similarly, a circadian oscillation of granule-bound starch synthase mRNA in Arabidopsis leaves and a possible direct involvement of CCA 1 and LHY in the underlying control mechanism has been reported (Tenorio et al., 2003) .
LIN6 might work as a pivotal enzyme at the integration point of metabolic, hormonal, and stress signals and the diurnal rhythm
In this study, the profound analysis of the promoter of LIN6, a tomato extracellular invertase, revealed sugars, growth-stimulating hormones, stress-related hormones, wounding, and a diurnal rhythm to be modulators of LIN6 expression. Thus pinpointing a potential function of LIN6 at the integration point of multiple signalling pathways. Previously, extracellular invertase have been suggested to function as central modulators of assimilate partitioning in development and the defence response . Such a central function of extracellular invertase in regulating growth-and developmental processes, sustaining pathogen defence, and adapting the plant to the diurnal rhythm becomes obvious from the LIN6 expression and regulation pattern, thereby combining well-known invertase functions in one isoenzyme.
Further investigations are needed to address the molecular basis that contributes to the multiple regulation pattern of LIN6. Based on various regulatory mechanisms that affect LIN6 expression it has to be assumed that the LIN6 is the target of multiple transcription factors. Studying the corresponding molecular mechanism and, in particular, the interaction between transcription factors and cis-acting elements of the LIN6 promoter will not only contribute to elucidate the molecular mechanisms of source/sink regulation but also of transcriptional control of plant genes in general.
